Objective-The incidence of heart attack and stroke undergo diurnal variation. Molecular clocks have been described in the heart and the vasculature; however it is largely unknown how the suprachiasmatic nucleus (SCN) entrains these peripheral oscillators. Methods and Results-Norepinephrine and epinephrine, added to aortic smooth muscle cells (ASMCs) in vitro, altered Per1, E4bp4, and dbp expression and altered the observed oscillations in clock gene expression. However, oscillations of Per1, E4bp4, dbp, and Per2 were preserved ex vivo in the aorta, heart, and liver harvested from dopamine ␤-hydroxylase knockout mice (Dbh Ϫ/Ϫ ) that cannot synthesize either norepinephrine or epinephrine. Furthermore, clock gene oscillations in heart, liver, and white adipose tissue phase shifted identically in Dbh Ϫ/Ϫ mice and in Dbh ϩ/Ϫ controls in response to daytime restriction of feeding. Oscillation of clock genes was similarly preserved ex vivo in tissues from 
C ircadian timing has evolved as an adaptation to regular and predictable changes in the environment associated with the alternation of day and night. Endogenously programmed rhythmicity permits temporal organization of physiological processes and behavior in relation to a cyclic environment. 1 Heart rate and blood pressure exhibit timedependent oscillations and the incidence of acute myocardial infarction, sudden death, and stroke all vary according to the time of day. 2 It has been unclear whether these observations relate to the molecular clock or reflect a time-dependent alteration in exposure to environmental stress, assumption of the upright posture, and exercise, which themselves result in sympathoadrenal activation and an elevation of blood pressure. 3, 4 The discovery of a circadian clock within the cardiovascular system 5 added a layer of complexity to such considerations. Peripheral clocks may serve to amplify, dampen, or phase shift a peripheral rhythm and are likely to be synchronized by the master clock 6 in the suprachiasmatic nucleus (SCN) by hormones, 5, 7 which may, in turn, be activated by environmental stimuli.
Components of the mammalian molecular clock include 3 Period proteins (Per1, Per2, and Per3), 2 Cryptochromes (Cry1 and Cry2), and 2 PAS helix-loop-helix proteins, Clock and Bmal1. 8, 9 Clock and Bmal1 heterodimerize to form an active transcription complex that leads to increases in Per and Cry. Complexes of Per and Cry proteins translocate to the nucleus to inhibit Clock:Bmal1 mediated transcription. Clock:Bmal1 heterodimers also stimulate the transcription of many other clock controlled genes which, in turn, influence functions external to the timing mechanism and mediate the output of the clock. 10 Food intake, hormonal synthesis and release, 11 endogenous regulation of thrombolysis, 12 body temperature maintenance, and aspects of metabolism 13 are among the rhythmic physiological processes influenced by the clock.
Molecular clocks are reset each day by external cues; the SCN is synchronized primarily through photic signals, whereas peripheral oscillators may be adjusted by neural, humoral, and food-induced signals. Peripheral clocks are capable of autonomous 12, 14 and centrally coordinated function. Aside from diurnal variation in cardiovascular and sympathoadrenal function, the SCN is linked to peripheral tissues via sympathetic nerves. 15 In addition, exogenous norepinephrine and epinephrine (NE and E) have been shown to increase Per1 expression in the liver. 16 Thus, catecholamines are potential signals from the master clock that might entrain the periphery, including the cardiovascular system. Here we show that although activation of discrete adrenergic receptors alters oscillatory gene expression induced in vascular smooth muscle cells in vitro, disruption of catecholamine biosynthesis by deletion of dopamine ␤-hydroxylase (DBH) or adrenergic receptor antagonism does not detectably phase alter peripheral oscillators in vivo.
Methods

Cell Culture
Human aortic smooth muscle cells (ASMCs; Cambrex) and mouse ASMCs harvested from C57BL/6J mice were synchronized with 50% fetal calf serum. Norepinephrine (NE), epinephrine (E), phenylephrine, isoproterenol, procaterol, CL316243, propranolol, ICI118551, and SR59230A were obtained from Sigma. HEAT was obtained from Tocris.
Taqman Polymerase Chain Reaction (PCR)
RNA isolated using RNeasy kits (Qiagen) was reverse transcribed, and subjected to qPCR using SyBr green detection (Applied Biosystems). Primer sequences are detailed in the supplemental methods section. Melting (dissociation) analysis was performed to ensure consistent target sequences were amplified. Relative quantitation was achieved using a standard curve for each transcript examined in each tissue.
Mouse Tissue Analysis
All mouse experiments were previously approved by the Institutional Animal Care and Use Committee. Dbh ϩ/Ϫ and Dbh Ϫ/Ϫ males used were hybrids of C57BL/6J and 129/SvCPJ. 17 Dbh ϩ/Ϫ females were mated with Dbh Ϫ/Ϫ males and treated with 100 g/mL each of phenylephrine and isoproterenol from embryonic day (E)8.5 to E16.5 and 2 mg/mL of L-threo-3,4-dihydroxyphenylserine(L-DOPS, Sumitomo Pharmaceuticals) from E16.5 to birth in the maternal drinking water to enhance fetal survival of the Dbh Ϫ/Ϫ mice. NE and E are not essential for survival postnatally, so litters were not treated after birth. Sex-matched littermate Dbh ϩ/Ϫ mice were used as controls because tissue content of NE and E is normal in these mice, and no phenotypic differences have been observed in comparison with wild-type mice. 18 Mice were acclimatized to a 12 hour:12 hour light:dark(LD) regimen for 2 weeks before being placed in total darkness (DD) for 24 hours before the first tissue harvest at 7 AM (CT24). Aortae, heart, liver, white and brown adipose harvested were flash frozen in liquid nitrogen (LN 2 ).
Restricted Feeding Experiments
Dbh
Ϫ/Ϫ mice and littermate Dbh ϩ/Ϫ controls were acclimatized to LD for 2 weeks before restricted feeding during the light period (7 AM to 7 PM) commenced. After the 5th day mice were placed in DD for 24 hours before tissue harvests at CT24 and CT36. Food was withheld on the day of tissue collection.
Minipump Implantation
Wild-type C57BL/6J, Dbh Ϫ/Ϫ , and littermate Dbh ϩ/Ϫ controls were anesthetized with an i.p. injection of pentobarbital 72 mg/kg. Two-week Osmotic minipumps were surgically implanted and 50 mg/mL propranolol, and 25 mg/mL terazosin was administered for 2 weeks at a flowrate of 0.5 L/h. Mice were acclimatized to LD and then placed in DD on the 13th day, for 24 hours before the first tissue harvest. Terazosin administered at 12.5 g/h was sufficient for complete inhibition of the acute blood pressure response to 10 g/kg phenylephrine. Propranolol administered at 25 g/h was sufficient for complete inhibition of contextual memory in a fear conditioning paradigm (supplemental Figure I , available online at http://atvb. ahajournals.org).
Results
The mRNA expression of clock genes Per1, Per2, dbp, and Bmal1 all show a circadian pattern of expression in aortic smooth muscle cells (ASMCs) after treatment with 50% serum ( Figure 1A through 1H). The expression of clock genes in the aorta of C57BL/6J mice show an identical relative pattern of expression with accumulation of Bmal1 mRNA antiphase to that seen for Per1, Per2, and dbp ( Figure 1I through 1L).
When added to murine ASMCs, NE and E at 1 mol/L and 10 mol/L increased Per1 expression at tϭ1 hour, and significantly decreased dbp expression at tϭ4 hours ( Figure  2A ). Increases in E4bp4 expression were also observed at both 1 mol/L and 10 mol/L NE and E. Pharmacological probes of ␣ and ␤ adrenergic receptor (AR) function were examined for their effects on expression of Per1, E4bp4, and dbp in unsynchronized mouse ASMCs ( Figure 2B and supplemental Figure II ). NE 1 mol/L (or E 1 mol/L-data not shown) alone can elicit a maximal response. Maximal responses were observed with the ␤AR agonist, isoproterenol (Iso), whereas a Ϸ60% maximal response was observed with the ␣ 1 AR agonist, phenylephrine (Phe). We used specific agonists and antagonists of the ␤ 1 , ␤ 2 , and ␤ 3 ARs (␤ 1 -xamoterol (Xam; data not shown), ␤ 2 -procaterol(Proc), and ␤ 3 -CL316243[CL]) to determine which ␤AR was mediating the response seen with isoproterenol. Significant increases in Per1 and E4bp4 mRNA levels were observed with procaterol, with a slight increase seen in response to CL316243.
The NE response was partially inhibited by the ␣ 1 AR antagonist HEAT and the ␤AR antagonist, propranolol (Prop; Figure 2C ). HEAT plus propranolol combined inhibited agonist-induced changes in clock gene expression completely. Isoproterenol responses were then challenged with specific antagonists of ␤ 2 and ␤ 3 ARs, ICI118551, and SR59230A, respectively. ␤ 2 antagonism caused the larger reduction in isoproterenol-mediated increases in Per1, dbp, and E4bp4. Regulation of clock gene expression by NE and E is mediated predominantly via ␤ 2 ARs with a variable and lesser contribution from ␣ 1 and ␤ 3 ARs.
Oscillating mouse ASMCs were stimulated with procaterol 1 mol/L or phenylephrine 1 mol/L at tϭ12 hours after serum shock ( Figure 2D ). Either ␣ 1 or ␤ 2 stimulation induced a rapid increase in expression of Per1. Procaterol advanced the peak in dbp and Bmal1 expression. Phenylephrine blunted the increase in dbp expression to a greater extent, thus advancing the peak in dbp expression. Phenylephrine blunted the peak in Bmal1 mRNA accumulation at tϭ30 hours after serum shock. In summary, catecholamines, acting via ␤ 2 and ␣ 1 ARs, can impact the oscillating expression of clock components and clock-dependent output genes in mouse and human (supplemental Figure III) 
SMC in vitro.
Dbh ϩ/Ϫ mice have normal levels of NE and E and therefore serve as suitable controls for Dbh Ϫ/Ϫ mice, which lack these catecholamines systemically, but retain dopamine. 17, 18 Littermate control heterozygous and homozygous Dbh mice were entrained to LD followed by 24 hours of DD. Peripheral tissues from control and littermate knockout mice were harvested at 6-hour intervals. Dbh ϩ/Ϫ mice showed rhythmic accumulation of mRNA for Per1, Per2, dbp ( Figure 3A through 3I), and E4bp4 (data not shown) in all tissues examined. Rhythms in Per1, Per2, dbp, and E4bp4 in the aorta, heart, and liver were indistinguishable between Dbh Ϫ/Ϫ and control Dbh ϩ/Ϫ mice. Expression of the ␤ 2 AR was elevated in Dbh Ϫ/Ϫ compared with the Dbh ϩ/Ϫ mice ( Figure  3J ), presumably reflecting its upregulation in response to depletion of its endogenous ligands. Dbh ϩ/Ϫ and littermate Dbh Ϫ/Ϫ mice were placed on a restricted feeding regimen to daylight hours from 7 AM to 7 PM for 6 days. Rhythms in clock genes peaked in the opposite phase to ad libitum conditions in food-restricted Dbh ϩ/Ϫ mice ( Figure 4 ). Data were obtained at CT24 and CT36, representing the peak and nadir of expression of most of the genes examined under ad libitum conditions. In the liver, Per1 and dbp peaked at CT24, whereas E4bp4 and Bmal1 now peaked at CT36 ( Figure 4C and supplemental Figure IV) . Very low amplitude oscillations of Per2 were evident in the liver of food-restricted Dbh ϩ/Ϫ and Dbh Ϫ/Ϫ mice (supplemental Figure  IV) . Rhythms in Dbh Ϫ/Ϫ mice appeared to phase align with Dbh ϩ/Ϫ mice in most of the clock genes examined. Thus, it appears that mice that lack NE and E retain the ability to reentrain their peripheral rhythms according to food availability. Significant differences between Dbh ϩ/Ϫ and littermate Dbh Ϫ/Ϫ clock gene expression were apparent in some of the tissues examined; however, all of the tissues appear to have Ϫ/Ϫ littermate mice were food-restricted for 5 days during daytime hours (7 AM to 7 PM) or ad libitum and switched to darkdark for 24 hours before tissue harvest at CT24 (7 AM) and CT36 (7 PM) from Dbh Ϫ/Ϫ (gray) and Dbh ϩ/Ϫ (black; nϭ6) littermate controls.
reentrained under restricted feeding conditions. In brown adipose tissue, rhythms in Per1 and Per2 did not appear to reentrain as well as in other tissues ( Figure 4G through 4I and supplemental Figure IV) . However, the overall rhythm in dbp, E4bp4, and Bmal1 appears to have phase altered similar to the other tissues examined.
Dbh ϩ/Ϫ and littermate Dbh Ϫ/Ϫ mice were implanted with propranolol/terazosin osmotic minipumps or vehicle pumps and maintained on a light dark schedule for 12 days before tissue harvest under constant darkness. Even with complete inhibition of both ␣ and ␤ adrenergic receptors, rhythmic accumulation of mRNA for Per1, dbp, E4bp4, and Bmal1 was observed in the heart, aorta, liver, and brown adipose of Dbh ϩ/Ϫ and Dbh Ϫ/Ϫ ( Figure 5 and supplemental Figure V ). Per2 rhythms were observed in antagonist treated Dbh Ϫ/Ϫ , similar to vehicle controls, but a significantly damped rhythm in Per2 expression was observed in the aorta, liver, and brown adipose of Dbh ϩ/Ϫ treated with both antagonists.
Discussion
The discovery that most, if not all, peripheral tissues harbor molecular clocks has raised interest in the means by which the SCN communicates with the periphery and the effects of potential modulators on phasic biorhythms in physiological function. Circulating hormones are prime candidates for such a function, and we have previously described how activation of a nuclear receptor can phase delay periodic gene expression in the vasculature. 5 Both NE and E are subject to diurnal variation in both plasma and urine. 19 A diurnal variation in both sympathetic tone and vascular reactivity to AR antagonists has also been established. 20 Here, we show that these catecholamines, acting via ␤ 2 and ␣ Catecholamines are potent vasoactive hormones which oscillate in train with endogenous rhythms in blood pressure and airways function. Thus, catecholamines seemed attractive candidates to investigate as potential modulators of the vascular clock that might signal in response to a central cue, such as environmental stress. We initially determined the influence of catecholamines and AR subtype-specific agonists on the oscillatory expression of a series of clock genes and clock-dependent output genes in ASMCs in vitro. Per1 is such a gene and participates in phase resetting. 23 Per1 expression increases in the SCN in response to light pulses in mice previously kept in constant darkness for several days: this results in a phase shift of the central clock. Analogously, treatment with AR agonists elevates Per1 expression in both human and mouse cells (the present study) or in liver. 16 Induction of Per1 by phenylephrine and isoproterenol in liver slices in vitro is dampened by inhibitors of MAPK and PKA, respectively. Signaling pathways downstream of the ␣1 AR include Gq-mediated PLC activation and Gq/Gs activation of MAPK. ␤ 2 -mediated signaling via Gs leads to activation of adenylate cyclase, elevation of cAMP and subsequent PKA activation. Overall, our results are compatible with previous literature showing that CRE elements in the Per1 promoter are responsive to synergistic activation of cAMP and MAPK pathways. 24 Thus, catecholamines, acting via ␤ 2 and ␣ 1 ARs modulate clock gene and clock dependent output gene expression in ASMC in vitro.
We used Dbh Ϫ/Ϫ mice to address the importance of endogenous modulators of the clock at concentrations attained in vivo. Despite complete depletion of NE and E, oscillation of Per1, Per2, dbp, E4bp4, and Bmal1 is retained in aorta, heart, and livers of Dbh Ϫ/Ϫ mice. Consistent with these observations local sympathectomy does not affect the daily variation in clock-gene mRNA expression in the liver. 25 The phase of peripheral clocks can be completely uncoupled from the SCN by restricted feeding. 26 Thus, feeding time, although not affecting the phase of the SCN pacemaker, is a dominant modulator of peripheral circadian oscillators. 27 We have assessed the impact of catecholamine depletion on phase shifting peripheral rhythms by daytime food restriction in the Dbh Ϫ/Ϫ model. Food was restricted for 6 days to permit phase reversal of cardiovascular rhythms, as previous literature had shown that the mouse heart requires between 3 to 6 days of restricted feeding to reverse its phase. 26 Restriction of feeding to daytime periods phase shifts rhythms in peripheral tissues however, oscillations in clock genes in the SCN remain in Figure 5 . Antagonism at ␣ and ␤AR affects Per2 in Dbh ϩ/Ϫ but does not disrupt peripheral rhythmicity in Dbh ϩ/Ϫ and Dbh Ϫ/Ϫ . Two week minipumps with 50 mg/mL propranolol and 25 mg/mL terazosin were implanted. Tissues were harvested in constant darkness. Per1, Per2, and dbp expression levels were monitored by qPCR.
phase with light and activity, similar to ad libitum feeding. Despite successful phase alteration by food restriction, Dbh disruption had no discernable impact in all tissues studied, save for subtle effects in brown adipose tissue.
Dbh disruption leads to complete depletion of NE and E, but an accumulation of dopamine is observed in many tissues, albeit at lower concentrations than that normally observed for NE. 18 Dopamine, at least in vitro, is a much less potent agonist of both ␣ and ␤ adrenergic receptors than NE and E. 28 However, we observed upregulated levels of ␤ 2 AR in the aorta. Thus, we wished to exclude compensation for depletion of E and NE by dopamine in the Dbh Ϫ/Ϫ mice. Both Dbh
and Dbh ϩ/Ϫ mice were chronically treated with antagonists of ␣ and ␤AR. However, rhythmic accumulation of clock genes was observed in the heart, liver, and brown adipose of both treated and untreated Dbh Ϫ/Ϫ mice, excluding adrenergic compensation by dopamine. Thus, in multiple tissues in vivo, peripheral clock rhythmicity is unaffected by depletion of NE and E, disruption of ␣ and ␤AR signaling, or a combination of both as seen in the antagonist treated Dbh Ϫ/Ϫ . It must be considered that the accumulated dopamine in many tissues may increase dopaminergic signaling in the periphery of Dbh Ϫ/Ϫ mice. In the current study of Dbh Ϫ/Ϫ we cannot rule out the possibility that enhanced dopaminergic signaling may compensate in the chronic absence of adrenergic signaling. However, rhythmicity is similarly maintained in wild-type mice where adrenergic signaling was disrupted with antagonists.
What might explain the apparent discrepancy between the ability of catecholamines to modulate clock function in ASMCs in vitro and the apparent failure of Dbh disruption to influence peripheral clock function in vivo? Firstly, catecholamines are only one set of multiple potential modulators of vascular clock function in vivo, among them retinoic acids, 5 epidermal growth factor, 29 angiotensin II, 30 and glucocorticoids. 7 Rhythms in peripheral circadian clock genes examined under steady state conditions in adrenalectomized or sham operated mice are similarly unaffected. 31 However, adrenalectomized mice show a more rapid phase adjustment in response to altered feeding time, reflective of the absence of glucocorticoid signaling. 32 A second possibility relates to precision. The detection of phase alterations in the in vitro experiments was configured on the ability to sample over short 1-to 4-hour intervals after subjecting tissues to serum shock and catecholamine exposure. The in vivo experiments, by contrast, relied on samples obtained less frequently-at 6-hour intervals. Although it is possible that such technical distinctions obscured the ability to detect an impact of Dbh deletion on oscillatory gene expression under either physiological or food-restricted conditions, significant alterations in phase should be detectable in clock genes and clock-dependant output genes such as dbp. Finally, it is possible that although the catecholamine concentrations used in vitro can modulate the clock, depletion of those concentrations that are evident in vivo do not result in a detectable impact on clock function. This may be because the endogenous concentrations of catecholamines attained in vivo never do or because they must act in concert with other mediators to modulate clock function.
Although we focused on depletion experiments to examine the relevance of endogenous catecholamines in vivo, there is little reason to believe that manipulated elevation of endogenous epinephrine and norepinephrine would have led to different conclusions. Thus, the circadian expression of Per1, Per2, and Bmal1 measured at 3-hour intervals in the liver, heart, and kidney are unaffected by immobilization stress, 33 which elevates substantially endogenous catecholamines. 34 Distinct from the impact of catecholamines on the vascular clock, the central clock appears to influence sympathoadrenal function. Cry-deficient mice lack diurnal changes in blood pressure and the vascular responses to ␣ 1 AR agonists, but show remarkably enhanced baroreflex sensitivity, 35 and disruption of core clock genes ablates the diurnal variation in catecholamines, blood pressure and the sympathoadrenal activation response to stress. 34 In summary, catecholamines can modulate clock genes and clock-dependent output genes, acting via ␤ 2 and ␣ 1 ARs in either human or mouse ASMCs in vitro. However, depletion of endogenous levels of NE and E in vivo, by disruption of Dbh, does not influence peripheral clock function, in that diurnal variation in clock gene transcript accumulation is retained. Phase shifting in response to food restriction also occurs unaltered by inactivation of Dbh. Chronic antagonism of ␣ and ␤AR in Dbh ϩ/Ϫ and Dbh Ϫ/Ϫ similarly did not disrupt rhythms in essential clock genes, save for Per2, ruling out potential compensation by dopamine. Despite the influence of the central molecular clock on sympathoadrenal function and the direct effects of catecholamines on vascular cells in vitro, endogenous concentrations of NE and E do not appear to modulate peripheral clock function in vivo.
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